We investigated the detectability of task-related changes in the fMRI-signal in an averaged single trial design under systematic variation of intertrial intervals (ITI) in the range between 4 and 12 s. Investigation of the signal timecourses showed a shortening of the baseline period and subsequently a reduction in signal amplitude with decreasing ITI. The main finding is that effect size, i.e., the ratio of task-related signal changes and error variance remained approximately constant from ITI of 12 s down to 6 s. At ITI ‫؍‬ 4 s, the effect size was reduced by about 50%. The effects of ITI reduction were comparable in all six cortical ROI which were analyzed. In two subcortical ROI, effect size was already reduced at longer ITI. At ITI ‫؍‬ 4 s, the rising flank of the BOLD response was delayed compared to longer ITI. When the data were corrected for the temporal overlap of successive BOLD-responses, the signal amplitudes at ITI ‫؍‬ 4 s were comparable to the amplitudes measured at an interval of 12 s. This indicated that the amplitude reduction was mainly due to a linear superposition of the contiguous BOLD-responses.
INTRODUCTION
Recently, ''single trial'' designs have been used as an alternative to the conventional blocked designs for fMRI-experiments (Buckner et al., 1996; Richter et al., 1997; Zarahn et al., 1997) . In these designs the BOLDresponse elicited by individual trials is measured. This is achieved by using intertrial intervals that are long enough to allow the BOLD-response to return to baseline. Single-trial designs have major advantages over blocked designs. First, blocked designs do not allow randomized presentation of experimental conditions. Second, only single trial designs allow the analysis of the timecourse of activation over a trial.
However, so far single trial designs have had a major drawback caused by the long intertrial intervals (ITI) that were required to allow the BOLD-response to return to baseline before the next trial was presented.
The consequent interval durations of 14 s and longer limit the total number of trials that can be run in a given experimental session, reducing statistical power. Moreover, control over subjects' mental activity during long ITI is poor. In addition, many short-lived betweentrials effects, like priming and interference effects, cannot be investigated with long ITI. This prompted us to investigate how the shortening of ITI affects the analysis of averaged single trials.
Previous studies have tried to assess the temporal resolution of fMRI. Zarahn et al. (1997) estimated the autocorrelation function of their fMRI-signal measured at 1.5T. They found a sharp increase of autocorrelation with intervals smaller than 6 s. Kim et al. (1997) reported a limit of 3 s at which they were able to detect a significant correlation of finger tapping and fMRI signal timecourses. The latter study was carried out at high magnetic field strength (4T ), which may have contributed to the better temporal resolution.
While these studies indicate that signal changes can be measured at fairly short intervals, their main topic was the limit of temporal resolution that can be achieved. In the present report, we rather want to address the question in how far the BOLD-response changes when the intertrial interval is systematically shortened.
The problem that one encounters with short ITI is the overlap of BOLD-responses elicited by temporally contiguous trials. Typically, the BOLD-response takes of the order of 10 s to return to baseline. At shorter intervals, a loss of signal amplitude is to be expected. However, shorter ITI allow the experimenter to run a higher number of trials in an experimental session of a given duration. Therefore the crucial question is how the effect size, i.e., the ratio of task related signal change and variability of the signal, changes with shortening of ITI.
It may also be that the timecourse of the BOLDresponse is affected by rapid succession of stimulation. In the simplest case, two temporally overlapping BOLDresponses will add up linearly. Boynton et al. (1996) have presented evidence that stimulus contrast and temporal duration had separable effects on the BOLDresponse in V1. They concluded that their data did not violate a linear transform model between averaged neural activity and the BOLD response. While their experiments did not analyze rapid succession of stimulation, recently, Dale and Buckner (1997) have presented a linear decomposition of BOLD-responses to fast repetitive stimulation of primary visual cortex. Subsequently, Buckner et al. (1998) have applied their model to priming in a study with an interstimulus interval of 2 s.
These studies suggest that in experiments with rapid succession of events, the signal may constitute a linear superposition of the overlapping BOLD-responses. However, while this was shown to be true for visual cortex in the study of Dale and Buckner (1997) , this may not be true for all brain areas. Friston et al. (1998) have reported nonlinear event-related responses dependent on stimulus presentation rate. The nonlinear response seemed to be specific for the BOLD-response, since a replication of the experiment using PET yielded a linear increase of blood flow with increasing presentation rate.
The most detailed analyses of the linearity of stimulus or task characteristics and the BOLD-response were carried out on visual or motor cortex activation. However, it cannot be assumed that the vascular response is comparable in different brain regions. In order to assess the comparability of ITI effects between areas, we analyzed activation in multiple brain structures, both cortical and subcortical. To achieve this goal, we used a demanding visual search task as experimental paradigm for this study. Based on previous reports we expected a network of cortical and subcortical structures to be activated (Corbetta et al., 1991) .
MATERIALS AND METHODS

Subjects
Twenty-two subjects participated in two experiments, 10 of them in Experiment 1 and 12 in Experiment 2. Twelve of the subjects were female, their age range was 21-35 years, all were right-handed, as assessed with the Edinburgh Inventory (Oldfield, 1971) . Subjects took part in only one of the experiments. This was a precaution against learning effects, which are known to affect visual search (Ahissar and Hochstein, 1993) and to change the cortical areas involved in task processing (Walsh et al., 1997) . In Experiment 2, two subjects showed no significant task-related activation, for unknown reasons. These two subjects were excluded from the analysis.
Procedures
Behavioral. Subjects had to search for a specific L-shaped stimulus in circular displays having a radius of 2.3°visual angle with seven L-shaped stimuli arranged at angular distances of 36° (Fig. 1) . The stimuli consisted of two lines, the longer one extending 0.6°and the shorter 0.3°of visual angle. Since this arrangement allowed for 10 equidistant stimulus positions, there was a gap in the circular display. The position of the gap was randomized between trials. Stimuli were presented in black on a light gray background. Stimuli were projected by a LCD-projector (Pollmann, 1997) onto a translucent screen positioned in the bore of the magnet behind the subject's head. Subjects perceived the screen through mirror glasses equipped with correction lenses if needed. The stimuli had a luminance of 8.5 cd/m2 and CIE-color coordinates x ϭ 0.249 and y ϭ 0.279, the background 150 cd/m2, x ϭ 0.238 and y ϭ 0.275. The heterogenous distractor items differed from the target in random combinations of rotation (in 90°s teps) and mirror reversal. Half of the trials contained a target. Trials began with presentation of a fixation point at the center of the screen for a variable duration, depending on the ITI conditions specified below. Then the search display was presented. Subjects were instructed to search clockwise, beginning from the first stimulus next to the gap until they had found the target stimulus or were sure that the display contained no target and press one of two buttons on a custom made shielded electrical response board with their right index or middle finger to indicate target presence or absence. The search display was presented until a Responses were registered with millisecond accuracy using ERTS software and EXKEY-logic (Beringer, 1995) . Due to behavioral pilot experiments we expected reaction times to be in the order of 2000 ms. Accordingly, we set trial length to the desired ITI ϩ 2 s. Actual reaction times in Experiment 1 (m ϭ 2122 ms, ϭ 316 ms) and in Experiment 2 (m ϭ 1738 ms, ϭ 300 ms) were sufficiently close to 2000 ms so that no significant shift of the BOLD-responses were expected to be measured at our image repetition time of 2 s.
Scanning. Functional experiments were carried out in five runs per session. During the first five images of each run no task was presented. Then 12 search trials with ITIs of 8, 10, and 12 s were run in Experiment 1, each followed by a resting phase of 10 s. In Experiment 2 ITI of 4, 6, and 8 s were applied. Seven horizontal slices were acquired parallel to the AC-PC plane. Two slices were positioned ventral to the AC-PC plane and the remaining five extended dorsally. Slice thickness was 10 mm, interslice distance 2 mm, with a 25-cm FOV and an image matrix of 128 ϫ 64. A two-shot EPI sequence was used with a TR of 2 s for a complete image. A gradient recalled echo with TE ϭ 40 ms was used with a RF flip angle of 40°. Data were collected at 3T using a Bruker 30/100 Medspec (Bruker Medizintechnik GmbH, Ettlingen, Germany).
Data Analysis
After gaussian filtering in the spatial domain and motion correction (Friston et al., 1996) , images were analyzed with the in-house software BRIAN (Kruggel and Lohmann, 1996) , using t tests to compare average signal strength between task and rest periods, as defined below. Activation maps were corrected for multiple comparisons with the algorithm of Friston et al. (1994) . Significance criterion was ␣ ϭ 0.05. Task and rest periods were defined by a boxcar reference waveform which was individually generated for each subject based on the subject's response time (rt) in every individual trial. Trials with rt Ͻ 2 s were represented by a single image-''task'' period, beginning after a lag of 4 s p.s.o. Trials with rt Ͼ 2 s were represented by a two-image-''task'' period, again starting after a lag of 4 s. The remaining images during each trial represented the intertrial interval or ''rest''-period. Trials with incorrect responses were discarded. Since a dualecho EPI-sequence was used, every slice was measured twice during the image repetition time of 2 s, e.g., at 0 and 1000 ms or 140 and 1140 ms, etc. Slice acquisition order effects may thus have led to a shift of the response curves of a maximum of 1000 ms. However, in all subsequent analyses we refer to the interval between 
FIG. 2.
Activation patterns for the three intertrial intervals (ITI) of Experiment 1. Activations shown are for a single subject, overlaid on the individual anatomy. Left hemisphere is shown on the left. The activations are based on a t test (P ϭ 0.05) and represent z values (threshold: z ϭ 3.5) corrected for multiple comparisons using the spatial extent of activations (Friston et al., 1994) . subsequent activations within the same slice, which was identical for all slices.
Within anatomical areas which were consistently activated, regions of interest (ROI) were defined by selecting the largest area of significant activation obtained with the longest intertrial interval. We used this definition of ROI because we were interested in the change of significant activation when ITI were reduced. The selected areas were active in one or both hemispheres of at least 7 of the 10 subjects of Experiment 1. In addition, we selected the superior colliculi as ROI in Experiment 1, since they were activated in five subjects and we thought it might be informative to have a second subcortical ROI besides the thalamus. The superior colliculi were not selected as ROI in Experiment 2, since it was significantly activated in only one subject. Mean signal intensities for the ROI were subjected to a scanwise linear regression for linear detrending. The residuals of the linear regression were standardized with the mean standard error. The standardized scores were then averaged across subjects. In addition, we calculated effect size as the difference of the means of two experimental conditions divided by the common standard deviation (Winer et al., 1991) :
where m 1 and m 2 are the mean signal strength during task and rest periods. Tables 1 and 2 give an overview of the anatomical locations with task-associated activation. Activation areas which were superimposed on a sulcus and its adjacent banks were labeled with the name of the sulcus. Activations attributed to gyri were clearly separate from the adjacent sulci. A number of areas were reliably activated. Table 3 gives the frequency for those areas that were active in at least 7 of the 10 subjects in the same hemisphere in the ITI ϭ 12 s condition. Among these were the banks of the calcarine sulcus and adjacent cortex (O5 and O6; for abbreviations see Duvernoy, 1991) , the banks of the descending segment of the intraparietal sulcus and adjacent cortices (O1, O2), the horizontal segment of the intraparietal sulcus and adjacent superior parietal gyrus (P1) as well as the upper supramarginal gyrus, supplementary motor area (SMA and pre-SMA), the middle segment (motor area) of the cingulate gyrus, the thalamus, and the posterior portions of the middle (F2) and superior (F3) frontal gyri. In these areas, the frequency of activation remained remarkably stable from the 12-to the 8-s ITI, although a modest decline of activation frequency was observed. Figure 2 shows the activation patterns of an individual subject.
RESULTS AND DISCUSSION
Since both experiments contained a condition with ITI ϭ 8 s, we had the opportunity to compare the reliability of the data between two subject samples. On average, the frequencies were somewhat lower in Experiment 2. Although the same areas were frequently activated in both experiments, their exact ranking proved to be rather unreliable. From ITI ϭ 8 s to ITI ϭ 6 s, the frequency of activation remained almost constant, with small decreases in some, and even small increases in other areas. In comparison, there was a clear drop between ITI ϭ 6 s and ITI ϭ 4 s. Figure 3 shows the activation for the 8-to 4-s conditions for an individual subject.
Overall, the frequency counts showed a surprising stability of activation patterns down to ITI of 6 s and in some subjects even 4 s. However, while the observed patterns of activation were highly comparable between Experiment 1 and 2, the ranking of frequently activated areas was clearly less similar than would be desirable. In order to achieve more reliable data for the behavior of the BOLD-response within different brain areas, we analyzed the group-average data for each ROI.
The averaged timecourses of the BOLD-responses for the different ROI and ITI-conditions are given in Figs. 4 and 5. At ITI ϭ 12 s, there was a gradient of signal changes from cortical to subcortical ROI. Besides differences in amplitude, the ROI showed quite similar timecourses. There was some difference in the latency of the peak activation, which was maximal in the intervals between 4-6 s and 6-8 s post stimulus onset. Between 10 and 12 s poststimulus onset, all ROI approached baseline, with the exception of striate cortex, which did not seem to reach baseline fully until the next stimulus onset. Although signal changes were smallest in the subcortical ROI, their timecourses developed analogously to those of the cortical ROI.
When we compared the timecourses from the three ITI-conditions of Experiment 1, we saw a gradual shortening of the baseline duration. With ITI ϭ 12 s, the signal curves are basically flat from 10 to 12 s poststimulus onset (pso) and at the same level as the signal at stimulus onset. At the ITI of 10 s, this ''plateau'' is lost, although the difference between 10 s pso and stimulus onset is moderate. At ITI ϭ 8 s, the signal at 8 s pso was clearly above the level at signal onset.
Comparison of the timecurves in the ITI ϭ 8 s conditions of Experiments 1 and 2 yields very similar timecourses. Striate Cortex showed a lag of the rising flank in comparison to the other cortical areas. While there was an indication toward a lag around 2 s pso in Experiment 1, the lag was more clearcut in Experiment 2. When ITI was shortened to 6 s, the timecourse of the striate ROI reached its minimum in the time period from 2-4 s pso. At ITI ϭ 4 s, this shift of the minimum was observed for all ROI. Table 4 gives the effect sizes for Experiments 1 and 2. In the cortical ROI effect size was virtually unchanged between ITI of 12 to 8 s in Experiment 1. The subcortical ROI, however, showed some reduction in effect size, which was less pronounced in the thalamus, but quite substantial in the superior colliculi. Effect sizes in the ITI ϭ 8 s conditions of Experiments 1 and 2 were very similar, indicating that effect size was a quite reliable measure. Although signal amplitudes were also very similar in some ROI, they were much less reliably replicated. Another interesting finding is that higher signal amplitude need not imply higher effect size. This is especially striking when we compare the ITIconditions within ROI. In all ROI signal amplitude was reduced with shortening of ITI. However, effect size was stable over all ITI of Experiment 1 and down to ITI ϭ 6 s of Experiment 2. Only between ITI ϭ 6 s and ITI ϭ 4 s, was effect size reduced by about 50% in all ITI. This discrepancy between amplitude and effect size implies a decrease of the variability at shorter ITI. The variability may be reduced because physiological noise measured in gray matter areas increases rather strongly at frequencies below 0.25 Hz (Weisskoff et al., 1993) . This low frequency noise will affect long trials more systematically than short trials, which will be affected randomly.
However, the reduction of effect size at ITI does not imply that event-related experiments cannot be performed at shorter ITI. We have already mentioned studies which successfully used ITI of 2 s (Clark et al., 1998; Dale and Buckner, 1997; Buckner et al., 1998) . Moreover, we have recently conducted an fMRI study of task switching using trial durations of 2 s (Dove et al., 1998) .
As discussed in the Introduction, the main problem of short ITI is the high degree of overlap of successive BOLD responses. The present data indicate that experiments without overlap correction can be carried out down to an ITI ϭ 6 s without loss of statistical power, if the number of trials is increased accordingly within the limits of a given total duration of the experiment. With ITI ϭ 4 s or shorter, methods of overlap correction (e.g., Dale and Buckner, 1997) seem necessary. Of course, they may be beneficial at longer ITI as well. For the present data, we have calculated an overlap correction for the ITI ϭ 4 s data based on the data of the ITI ϭ 12 s condition. As discussed above, at ITI ϭ 12 s the BOLD-signal seemed to have approached baseline rather closely before the next trial started. Thus we used the BOLD timecourses of this condition as approximations of the ''true'' nonoverlapping timecourses. The rationale was to subtract corresponding timepoints in the ITI ϭ 12 s condition from the ITI ϭ 4 s condition. At ITI ϭ 4 s, the onset of a new trial would be at 6 s pso of the ITI ϭ 12 s condition, thus 0 s of ITI ϭ 4 s corresponds to 6 s of the ITI ϭ 12 s condition, 2 s corresponds to 8 s, and 4 s corresponds to 10 s. The subtraction values are plotted in Fig. 6 . The amplitudes of these overlap-corrected values for the ITI ϭ 4 s condition are remarkably similar to the amplitudes in the ITI ϭ 12 s condition. It should be noted that the overlap correction was carried out using data from a different experiment and a different set of subjects. This may explain some of the remaining differences between the ITI ϭ 12 s data and the corrected ITI ϭ 4 s data. The striate signal was quite severely underestimated at 4 s pso. This corresponds to the relative lag of the striate response in Experiment 2 compared to Experiment 1, which was visible in the comparison of the ITI ϭ 8 s conditions. Another potential source of errors may be that the ITI ϭ 12 s was not long enough for the BOLD-responses to reach baseline completely.
CONCLUSIONS
Our data indicate that intertrial intervals can be reduced down to 6 s with very little changes in effect size. From 6 to 4 s, however, effect size was reduced by about 50% in all investigated ROI. There were very small differences between the cortical ROI which we investigated. However, caution is needed when subcortical structures are to be investigated. Both thalamus and superior colliculi showed a reduction in effect size at longer ITI. While the reduction was modest in the thalamus, the superior colliculus lost significance in most subjects at ITI shorter than 10 s.
While amplitude differed quite substantially between ROI and within ROI for different ITI, effect size remained remarkably stable. Since effect size determines, under ceteris paribus assumptions, the statistical power needed for a test, our data indicate that ITI down to 6 s can be quite safely applied for averaged single trial experiments, with the caveat that activations in subcortical structures might become weaker. When we take into account that shorter ITI give the experimenter the opportunity to run a higher number of trials in a given time period, short ITI may even lead to better results than the currently applied ITI around 15 s.
The rather strong drop in effect size from ITI of 6 to 4 s fits with previous estimates of the temporal resolution of fMRI Zarahn et al., 1997) .
When the data of the ITI ϭ 4 s condition were corrected for the overlap of the preceding BOLDresponse, the calculated amplitudes were of comparable size to the ones measured at the longest ITI. This indicated that temporal overlap of successive BOLDresponses, and not a nonlinear change of the BOLDresponses to a rapid succession of trials, was the main factor underlying the diminished amplitude at short ITI.
The data imply that ITI down to 6 s can be applied without overlap correction without losing statistical power compared to longer ITI. At shorter ITI, however, overlap correction becomes vital. Of course, overlap correction is desirable whenever temporal overlap of signals occurs. Overlap correction can be achieved by subtracting the BOLD-waveform acquired at long ITI, as in the present study. However, this may not be possible in experiments that require short ITI to generate cognitive effects such as priming. In this case the differential BOLD-response for trials representing experimental variations can be subtracted from each other, provided that the sequence of experimental conditions was balanced (cf. Buckner et al., 1988) . This method will only detect differential responses to experimental conditions. Whenever this is sufficient, as is the case for most cognitive experiments, BOLD-overlap can be corrected without explicit knowledge of the shape of the BOLD-response.
